A polarized electron source based upon photoionization of a state-selected 6Li atomic beam has been developed as an injection gun for the Stanford two-mile electron linear accelerator. The source (PEGGY) produces a pulsed beam of electrons with a maximum intensity of 2.6 × 109 electrons per pulse, a polarization of 0.85, a pulse length of 1.6 #s, and a repetition rate of 180 pulses/s. Since its installation at SLAC in July 1974, PEGGY has been used in several high energy electron-nucleon scattering experiments.
Introduction
High energy polarized electron beams have been used in a number of experiments in the last five years. Together with polarized nucleon targets, experiments with polarized electron beams 1-3) proviLde a means for examining models of the spin structure of nucleons 4-1~) and for testing sum rules 12) and scaling principlest3,14), as well as for investigating the spin dependence of specific elec-troproduction channelsLS,16). Furthermore, high energy polarized electron scattering experiments with unpolarized nucleon targets z17-19) provide a means for studying parity nonconserving (PNC) effects of the neutral weak current. (See for example refs. 20-22.) With the study of the spin structure of the proton as its primary goal, the development of the first source of polarized electrons used in a high energy physics experiment was begun in 1971. This source, PEGGY, which is based on the photoionization of polarized lithium atoms, was developed at Yale University during the period 1971-1974 for use at the Stanford Linear Accelerator Center (SLAC). PEGGY was moved to SLAC early in 1974 and the polarized beam was first iniected into the linac during the summer. In November 1974, Moiler scattering studies at GeV energies were performed to measure the polarization after acceleration23). High energy scattering experiments with a polarized-proton target were begun several months later. Data on elastic1), deep inelastic2, 3) , and resonance region 24) scattering of longitudinally polarized protons have by now been obtained. A search was also made with PEGGY for PNC effects in the scattering of longitudinally polarized electrons by unpolarized nuclei2,18).
In this paper we report on the physical and technological details of PEGGY. In the remaining parts of section 1 we will review the requirements imposed on a polarized electron source by the SLAC accelerator and by the high energy experiments. We will also provide a brief survey of developed methods for producing polarized electrons. In section 2 we will describe the method employed in producing and in measuring the electron polarization of the PEGGY beam. In section 3 we will describe in some detail the PEGGY apparatus, and we will conclude in section 4 with a discussion of the performance of the source and some observations about future developments.
REQUIREMENTS OF SOURCES
The performance characteristics which can be used to classify polarized electron sources have been discussed by a number of authors25-32). The electron polarization, Pe, is defined as the ensemble average of the expectation value of the Pauli spin operator in the rest frame of the electron. For a longitudinally polarized electron beam the magnitude of the polarization, Pe, is given by Pe=(n+-n-)/ (n++n ) in which n+ (n -) is the number of electrons in the beam with spin parallel (antiparallel) to the beam direction. Scattering experiments with polarized electron beams generally involve the measurement of cross sections or counting rate asymmetries for opposite orientations of Pe. The measured asymmetry, z/, defined by
A = (N+ -N_)/(N+ +N_)
(1) for counting rates N+ and N, corresponding to the two orientations of PC, is related to the asymmetry for a fully polarized beam, A, by 
where ~ is a figure of merit given by
Another important characteristic is the emittance of the electron beam. If a magnetic field, H, is present in an electron source, but absent elsewhere, the emittance must account for the influence of the magnetic vector potential on the canonical angular momentum33). The result is the generalized emittance, ~*, given by e* ~ p (v/v') [ 
where v is the average initial electron velocity of the photoelectrons in the source volume, p is the radius of the source volume, v' is the average velocity of the beam after extraction, and e and m are the charge and mass of the electron. Additional performance characteristics generally considered include energy spread, AE, stability and reliability, and, for a pulsed source, the pulse length and repetition rate. Furthermore, the performance of a polarized electron source must be judged by the ease and speed of beam polarization reversal and by the variation of beam intensity and polarization associated with such reversals. For high energy polarized electron experiments, the characteristics required of a polarized electron source are determined by the experiment itself and by the accelerator into which the polarized beam is injected. The Stanford two-mile linear accelerator 34) is a pulsed rf electron accelerator capable of achieving peak beam currents of 60 mA in a 1.6/zs pulse at a repetition rate of ~<360 pps for beam energies up to ~22 GeV. During recent years, however, the accelerator usually has been operated at a repetition rate of 180pps with beam sharing on a pulse to pulse basis generally limiting a single experiment to ~<120pps. The injector of the accelerator is designed to accept ~ 70 keV electrons with a fwhm energy spread of ~<1.5 keV and an emittance of ~7 mrad cm 35). Efficient beam transport through the accelerator requires an intensity of at least -~ 3 × 108 electrons/pulse because of the limited sensitivity of the linac beam monitors. Finally, the source must be designed to meet the vacuum requirements of the accelerator: freedom from hydrocarbon contamination and use of bakeable ultrahigh vacuum materials.
While many experiments can utilize high beam intensities, experiments with polarized nucleon targets are restricted to relatively low average intensities because of the radiation damage to the target by the incident electron beam. For such experiments an electron beam polarization close to unity is very important in order to achieve a high figure o! gy electron scattering experiments56). Sources based on photoemission from GaAs 29,57) and field emission from a tungsten tip covered with ferromagnetic EuS 31,58) have been developed. In addition, electron polarization in low energy diffraction (LEED) from tungsten and gold crystals has been studied59-62). A GaAs photoemission source which has produced up to 4 × 1011 electrons/pulse on target with a polarization of ~0.4 is now also being used at SLAC with an unpolarized target for a PNC experiment l9). The present status of polarized electron sources is summarized in table 1.
Method 2.1. PHOTOIONIZAT1ON OF STATE-SELECTED 6Li
The production of polarized electrons by the photoionization of state-selected 6Li atoms in an atomic beam is discussed in refs. 26, 63 . In this section the salient points of the method, which is illustrated in fig. 1 , will be reviewed. A beam of 6Li atoms is produced by heating and vaporizing lithium metal in an oven and passing the emerging atoms through a collimation system. Atoms in the M s = +½ ground state are selected by deflection in the strong inhomogeneous field of a sextupole magnet ~, resulting in an atomic beam with an electronic polarization, Pe,atom, of magnitude close to unity. The state-selected atoms adiabatically enter an ionization region in which there is an * Depolarization of atoms crossing the zero-field axis of the sextupole magnet (Majorana transitions) can be neglected in the present case64).
~200G longitudinal magnetic field with P~,a,o~ following the field direction and remaining close to unity. If the direction of the longitudinal magnetic field is reversed, the direction of Po.a,om is reversed with respect to the direction of the beam. The magnitude of the electronic polarization of the atoms, Pe,atom, can be written as a function of the magnetic field, H, in the ionization region according to Pe, atom= fig. 2 due to an uncertainty of _+ 150 G in the value of the magnetic field at the pole tips of the sextupole magnet. Within the ionization region, there is no significant variation of s as a function of axial position.
The factor f(H) in eq. (6) is the hyperfine structure (hfs) coupling function 26) and is shown for 6Li and 7Li in fig. 3 . At zero field f(H) takes on the value 1/(2/+ 1), in which I is the nuclear spin. In strong fields, where the nuclear and electronic spins fig. 4 , the weighted average f, of the hfs coupling function, for the isotopic mixture of the Li beam used in PEGGY, varies from f=0.93 to f-=0.97 over the lenght of ionization region. To obtain high electronic polarization in fields not larger than ~ 200 G, which is the limit imposed by emittance considerations, an alkali atom with a small his splitting is needed. 6Li was chosen since it has a small hfs splitting of 228 MHz and a small nuclear spin value of I= 1. Furthermore, the photoionization cross section of Li (see fig. 5 ) is the largest of all the alkali atoms. In addition depolarizing effects due to spin-orbit coupling in continuum states are negligible in Li 26, 65) . Disadvantages in the use of lithium are its high boiling point, which dictates high temperature (~875°C) operation of the oven, and its short photoionization-threshold wavelength (230 nm), which necessitates the use of far-uv optics.
The polarized 6Li atoms are photoionized by pulsed uv light, which is focused and directed onto the lithium atomic beam in the ionization region by an ellipsoidal mirror and a 45 ° plane mirror. An additional pass through the interaction region is provided by a retro-reflector. The ionization region is maintained at a potential of -70 kV, and the photoelectrons are accelerated to ground potential during extraction. A repeller electrode prevents the electrons from leaving the ionization region in the backward direction. The lithium ions drift toward the surrounding electrode surfaces.
DEPOLARIZING EFFECTS
The polarization of the extracted electron beam is degraded from the value Pe,atom if the beam contains unpolarized background electrons originating at the electrode surfaces by photoemission or field emission. This background contamination can be avoided by careful design of the electron-optical configuration. Intensity measurements with the atomic beam off demonstrated that the background electrons contributed < 10 -3 to the beam intensity. In addition depolarizing effects during the extraction process were estimated to be negligible.
The photoionization of any Li2 molecules in the beam reduces the polarization. The degree of depolarization caused by the presence of Li2 in the atomic beam is given by the product of the fraction of Li 2 molecules in the beam at the ionization region and the ratio of the molecular to the atomic photoionization cross sections. For an oven temperature of 875 °C and an orifice temperature of 925 °C Fig. 4 . Scale drawing of electron optical components at the ionization region shown together with the axial magnetic field, H(z), and the results of electron trajectory calculations. The hall-tone areas are cross sections of the electrodes and other components exposed to photoelectrons. The thin line, shown in the upper half only, which bounds the exposed surfaces of these components, is the boundary used in the computer calculations of the electron trajectories, The thin curved lines are equipotentiat lines starting at -70 kV for the closest line on either side of the ionization region and extending in 7 kV steps to 7 kV for the most distant line on either side. The six heavy lines, two starting at the ionization region (z-0) and extending downstream (positive z direction), one starting at the ionization region and extending upstream (negative z direction), and three starting at points along the repeller and cathode are representative electron trajectories. it can be shown 26, 66) that the fraction, 7, of Li2 in the beam at the oven orifice is 0.035. The value of 'y at the ionization region, however, is substantially :smaller since the Li 2 molecules are not focused by the sextupole magnet. The effective solid angle for transmission, I2m, of the Li2 molecules from the ,oven to the ionization region is given simply by the .geometric acceptance angle which in our case is = 6 × 10 -5 sr. The effective solid angle for transmission of unpolarized atoms Oa=(12++.Q )/2, as calculated from the sextupole computer program26,64), on the other hand, is ~ 3 × 10 -4 sr. Thus the molecular fraction, 7', at the ionization region is given by 7'= 7.Qm/.Q~0.007. Above the Li photoionization threshold, the photoionization cross sections for Li and Li2 are known to be of the same order of magnitude67). At threshold, where the only accurate measurements have been made, the cross section for Li 2 is three times that for Li. (See ref. 67 .) Therefore we assume that the photoionization of Li2 results in a depolarization of the electron beam of (3+--2)7'---0.02+__0.01. If an intense, broadband flashlamp is used for the photoionization, a substantial fraction of the Li atoms in the ionization region will undergo a transition to the 2P state prior to ionization by the uv light. Since the photoionization cross section for 2P atoms is much higher than that for ground state atoms (see fig. 5 ), this two-step photoionization process will significantly increase the electron beam intensity. However, the electron polarization will be reduced26,5],68). AS shown in fig. 6 , unpolarized 2S-2P resonant light at 670.8 nm incident parallel to the magnetic field induces transitions to magnetic substates at the 2P level which consist of a mixture of pure spin states. The result is the introduction of a factor of (~)" in the atomic polarization for those atoms which have undergone n excitations prior to photoionization. This depolarizing effect was almost completely eliminated with the use of a uv interference filter which removed -~99% of the 670.8 nm resonance radiation, resulting in a depo- Although the Mott scattering method is simple in principle, corrections have to be applied to the measured asymmetry for instrumental efficiencies, detector acceptances, multiple and plural scattering events within the foil, and various background contributions26). If the counting rates NL and N R are measured simultaneously by two detectors symmetrically placed relative to the incident beam, the measurement of A M will be insensitive to beam intensity fluctuations. Exchanging the detectors by a rotation of 180 ° around the beam axis provides a means for normalizing instrumental efflciencies and detector acceptances if care is taken to avoid the introduction of a new asymmetry by this rotation. With the use of several scattering foils of different thicknesses, the effect of multiple and plural scattering events can be determined to provide a calibration of the Mott polarimeter for any one of the foils. Beam dependent background effects, such as inelastic scattering from the foil or chamber walls, which do not give rise to a left-right asymmetry, can be taken into account with the use of energysensitive detectors and pulse height analysis. * High energy elastic scattering from a polarized proton target provided an additional check on the high energy polarizationl).
PHOTON WAVELENGTH,), (nm)
For a polarization analyzing system which employs counting techniques, a relatively low beam intensity is needed. Since a spin rotation from the initial longitudinal direction to a transverse direction is also required, 90 ° scattering from a gold foil (prior to the 120 ° analysis scattering) can be used to satisfy both requirements. The rotation of the polarization vector during the 90 ° scattering is small and calculable.
MOLLER SCATTERING
Elastic electron-electron (M6ller) scattering has been extensively employed at energies of 1 MeV 69,73) tO measure electron polarization. This technique was chosen as the means to determine the high energy beam polarization at SLAC because the cross section and analyzing power are large and the process is purely quantum electrodynamic. The Mfiller asymmetry and laboratory cross section at the representative incident beam energy of 9.712GeV are shown in fig. 8 . A Mfller target consists of a thin ferromagnetic foil magnetized to saturation in an axial magnetic field and inclined at a small angle with respect to the beam direction to provide a large component of longitudinal polarization. Reversal of the field direction reverses the polarization of the target. The asymmetry in the scattering can then be measured in a single arm experiment by periodically reversing either the beam or target polarization23). The scattered electrons, after separation from the primary beam by a bending magnet, are analyzed in momentum and scattering angle by a spectrometer containing appropriate detection and particle identification elements.
3., Apparatus

GENERAL LAYOUT
Top and elevation views of the installation of the polarized electron source at SLAC are shown in fig. 9 . PEGGY was located in the beam line tunnel of the linac but separated from the injector by a radiation wall which permitted source maintenance during accelerator operation. An achromatic beam transport system carried the polarized electrons from the source through the radiation wall into the injector.
PEGGY consisted of four major components: an oven chamber, an ionization chamber, an optics chamber and a Mott scattering chamber. Inside the oven chamber, shown schematically in fig. 10 , were the atomic beam forming elements comprising the Li oven, collimators, beam chopper and sextupole magnet. The ionization chamber, also shown in fig. 10 , housed the electron-optical elements required for extraction of the photoelectrons as well as the 45 ° plane mirror and a spherical retro-reflect,or which redirected the light onto the lithium beam with maximum overlap. Immediately below the ionization chamber was the optics housing containing the uv flashlamp and the ellipsoidal mirror which focused the uv radiation onto the ionization region.
As shown in fig. 9 , a 14 ° bend was located downs.tream from the ionization region. A pulsed magnet at this bend was used to direct the electron beam either into the transport line for injection into the accelerator or into the Mott scattering chamber for polarization analysis.
In the following parts of this section we will present a detailed discussion of the various components of the apparatus.
ATOMIC BEAM
To produce an atomic beam with the required intensity and running time, a suitable lithium oven 1had to be developed. Significant atomic beam intensities can be achieved only with Li vapor pressures of several Torr within the oven, corresponding to oven temperatures well above 750°C. At these high temperatures, the corrosive effects of Li are substantial, with the consequence that containment materials generally must be restricted to low carbon steels and several refractory materials74). Thus, the oven body, shown in fig. 11 , was fabricated from ARMCO (ingot) iron; in order to eliminate welded joints in contact with liquid Li metal,, the oven body was machined from a solid block. The oven top, which included the Li filling port, and the oven orifice were machined from type 430 stainless steel (a ferritic steel). Since past experience had shown that inert gas tungsten-arc welded joints became porous after extended exposure to hot Li vapor, the oven parts were joined by electron beam welding with a 1 cm deep penetration weld.
In order to permit high temperature operation, the oven was thermally isolated from its surroundings with three tungsten pins used for support and four layers of stainless steel sheet used for a heat shield. The wails of the oven chamber and a copper box surrounding the heat shield were cooled with freon. To maintain the oven at an operating temperature of 875°C, ~600W of heating power were required. The heating power was provided by -~35 m of Thermocoax* type 1 Nc 1 20 resistive heating cable wound around the oven. Separate windings permitted the oven top and orifice to be operated at higher temperatures than the oven bottom, a condition necessary for stable operation. The oven temperatures were monitored with three chromel-alumel Thermocoax * type 2 AB 1 20 thermocouples at the oven bottom, top and orifice, respectively. Two ovens constructed in this manner have been successfully operated at high temperature for more than 500 h each with no noticeable deterioration. Two smaller ovens, similarly constructed but with only ¼ of the lithium capacity, have also been operated for extensive periods of time (> 1000 h each) with little noticeable deterioration.
In the design of the atomic beam, a conventional type beam from a large bore orifice was adopted. Dimensions of the atomic beam forming system are shown in fig. 12 . The exit orifice of the oven had a radius, a0, of 0.85 mm and a channel length of 1.2 mm. For pure effusive flow sources the mean free path, ~-0, of the particles in the oven must be greater than either the radius or the channel length of the exit orifice. If these conditions are met, then the number of atoms emerging per second into a solid angle dO at an angle 0 with respect to the normal to the exit orifice is given 7s) by
• Amperex Electron Corporation, Hicksville, NY 11802. wherep0 is the oven pressure in Torr, A0 is the area of the exit orifice in cm 2, M is the molecular weight, and To is the oven temperature in K. Thus for effusive flow conditions, the number of atoms emitted per second is proportional to P0 To • If 6 = 3.1 × 10 _8 cm is the effective diameter of a Li atom as determined by viscosity and diffusion measurements76), then )~0 for Li is given by* ~o = 2.4x 10 -19 ToPoi6 -2 = 2.5x10 -4Topo 1 mm.
Consequently, for our operating conditions (To> 1150 K, p0 > 7.8 Torr), the mean free path predicted by eq. (9) was ~<0.04mm. Thus since the ratio ).o/ao was <~0.05, the flow through the exit orifice was in the transition range between pure
• ~ No measurement of the appropriate mean free path of Li atoms exists. A discussion of the suitability of using the diameter as determined by viscosity or diffusion measurements for calculating mean free paths is given in refs. 75 and 77. viscous flow for which 20/a0<0.01 and pure effusive (molecular) flow 78) for which 20/a0> 1. It is expected that particle-particle scattering in the vicinity of the exit orifice should reduce the beam intensity in the forward direction relative to that predicted for pure effusive flow75). The first collimating aperture (see fig. 12 ), which was placed 2.5 cm in front of the oven orifce, shortened the axial distance along which particle-particle scattering could occur, but introduced additional particles backscattered from the collimator structure. This backscattering was reduced by maintaining the collimator at a temperature of ~400°C, which was warm enough to avoid build-up of Li in the collimator aperture, and cool enough to permit most of the lithium atoms striking the collimator structure to condense and flow away from the aperture into a removable Li recovery bottle located below the collimator. If the pumping speed between the oven and first collimator is sufficiently high, the mean free path will increase rapidly as the atoms move ;away from the oven orifice. In fact, as shown in fig. 13 , the atomic beam intensity measured at a surface-ionization detector located downstream from the sextupole magnet showed no significant deviation from effusive flow predictions until the source temperature exceeded 875 °C. Occasionally, lithium condensed at the aperture of the first collimator forming a "clog" which blocked the beam. Generally, these clogs were removed and normal atomic beam intensities restored within 1 h by temporary heating of the collimator to a temperature of ~600°C. (It was found that fewer clogs formed when the surface of the collimator was left unburnished after cleaning with deionized water and ethanol.)
In order to minimize buildup of Li in the sextupole magnet, a second collimator was placed in front of the magnet entrance. In addition, a mechanical chopper in the form of a thin rotating disk with 6 holes on the circumference having a total transmission of 6°/6, was placed between the two collimators. The angular velocity and phase of the chopper were synchronized with the flashlamp trigger pattern such that the atomic beam in the ionization region was at its full intensity during the light pulse. Normally, the second collimator was operated at a slightly higher than ambient temperature. For a few minutes every 12 h, however, its temperature was raised to about 275°C to permit accumulated Li to drain off. (Higher temperature operation was precluded by the proximity of the sextupole magnet.)
During the course of PEGGY's development, two sextupole magnet designs have been used. Scale drawings of the cross sections of these permanent magnets are shown in figs. 14 and 15; the significant magnet parameters are listed in table 2. The small bore magnet*, which was used in the early stages of development, had a state selection parameter, s, very close to unity: Since computer calculations** indicated that a substantial increase in * Fabricated by Frequency and Time Systems, lnc., Danvers, MA 01923. ** The computer calculations are described in refs. 26 and 64. beam intensity with only a minor reduction in polarization could be achieved with a larger bore magnet, such a magnet was constructed at SLAC and has been used exclusively since 1975. According to the computer calculations, the effective solid angle, I2 ÷, for transmission of m~= +l/2atoms through the large bore magnet is almost a factor of 2 larger than that for the small bore magnet. However, the mj =-1/2 solid angle, I2 , for the large bore magnet is 10 times that for the small bore. Nonetheless, for the large bore magnet, Q-is still small compared to 12 ÷ so that s is reduced by only -~ 2°Z.
The atomic beam forming components were aligned with respect to the optical axis with the aid of a telescope and a small 45 ° plane mirror located near the Mott chamber. During operation of PEG-GY, the collimator apertures and the oven orifice could be viewed with the telescope (the second collimator could be illuminated by a filament which was located between the two collimators just out of the beam path). The horizontal and vertical positions of both the oven and the first collimator were adjustable from outside the vacuum system. The atomic beam intensity was monitored 36 cm downstream from the center of the ionization region by an adjustable surface-ionization (Langmuir -Taylor) detector 79'8°) consisting of an oxidized and heated tungsten wire 0.13 mm in diameter and 1.25 cm in length. The profile of the atomic beam produced at an oven temperature of 875°C, transmitted by the large bore sextupole magnet, and measured by the surface-ionization detector is shown in fig. 16a together with the calculated profile from the computer analysis. As can be seen the agreement is good, except in the wings of the profile. The calculated profile at the center of the ionization region, shown in fig. 16b , indicates that the full width half maximum of the atomic beam was 0.30 cm. Calculations also show that for an oven temperature of 875°C (for which the mean velocity in the atomic beam is ~2 × 105 cm/s), the atom density on axis at the ionization region was 3 × 10 n atoms/cm 3, and that for a cylindrical ioniza- Surface-ionization detector measurements are shown as closed circles in (a). The measured intensity has an uncertainty of _+20% while the full width half maximum (fwhm) is correct within a few percent. The deviation from the predicted profile in 'the wings is probably due to collimation effects which were not taken into account in the computer calculations.
don volume measuring -~0.6cm in diameter by ~4cm long there were ~1011 atoms available for !ionization.
The maximum capacity of the large oven was 750 g Li. At the normal operating oven temperature ,of 875 °C, a full intensity running time of ~ 175 h was possible before the oven charge was depleted. In order to reload the system, the empty oven was allowed to cool, after which the oven chamber was backfilled with Ar and the components were removed. Deionized water and ethanol were used to clean lithium and lithium compounds from the oven chamber walls and the components. A second set of previously cleaned components -including an oven already filled with Li -was installed and the oven chamber was baked for 6 h (with the chamber walls at ~ 150°C and the oven at ~ 320°C) before the oven was heated to its normal operating temperature.
Because of the vacuum requirements of the accelerator, only oil-free pumps were used for evacuation. For this reason, a bellows pump was used to rough the system ,to ~ 1/9 atm, after which sorption pumps were used to provide a vacuum of 10 -2 Torr during the baking of the oven chamber. For oven temperatures exceeding 320°C, a high vacuum was necessary to avoid contamination of the lithium and to eliminate any attenuation of the atomic beam by residual gas scattering. A vacuum of 10-6 Torr was maintained by a 600 [/s ion pump located directly below the oven chamber. In order to prevent the ion pump from stalling, a minimum of 10 h was required to raise the oven temperature from 320°C to the normal operating value of 875 °C.
Oil-free Li consisting of 95.6% 6Li and 4.4% 7Li sealed in metal cans under an Ar atmosphere was obtained from Oak Ridge National Laboratory*. All Li handling was done under an Ar atmosphere in a glove box which surrounded the access flange of a separate vacuum chamber used for melting the Li into the oven. To fill an oven, Li was placed in a funnel which was inserted into the oven filling port. The oven, funnel and Li were then heated to ~250°C in a vacuum of ~10-2Torr until the Li melted and flowed into the oven. The original "skin" of the Li, which often had a dully gray-white appearance, remained behind in the funnel.
By removing the Li recovery bottle from the oven chamber, mounting it upside down on top of the Li melting chamber, and heating the bottle until the Li flowed into the funnel below, approximately 2/3 of the Li from any oven charge could be recycled. After filling, the oven was cooled and stored in the Li melting chamber under an Ar atmosphere until needed. The Li filling port was sealed prior to removing the oven from the glove box. Exposure of the Li to air was thus limited to the air which entered the oven through the orifice during the -~30 min required to install and begin the evacua-* Oak Ridge National Laboratory, Isotope Sales Department, Oak Ridge, TN 37830.
tion of the oven in the PEGGY vacuum system*.
LIGHT SOURCE AND OPTICAL SYSTEM
The light for photoionization of the lithium atoms was provided by a flashlamp. The components of the optical system used for translerring the light to the ionization region, shown in fig. 10 , consisted of a primary focusing mirror, uv interference filter, optics housing, vacuum window, 45 ° plane mirror and retro-reflector mirror. The photoionization cross section for Li, as determined by several authors, is shown in fig. 5 . As can be seen from the figure, the cross section for ionization of ground state Li remains high well into the vacuum ultraviolet region. To utilize a broad spectral range, the optical system was designed for maximum efficiency in the wavelength range 170-230 nm; that is, from the cutoff in transmission of quartz to the threshold of ionization of ground state Li.
Flashlamp
The successful development of the polarized electron source depended on the availability of a pulsed uv flashlamp of high intensity and brightness. The lamp had to be able to operate at the accelerator repetition rate of 180 Hz with a pulse width of 1.6/2s. In addition, good arc stability and lamp lifetimes of a least 107 pulses were required. consisted of sintered tungsten electrodes separated by a 4 mm gap. The lamp had a Suprasil quartz envelope (minimum distance to gap -~2cm), and was filled with 5 atm Xe to optimize light intensity and lamp lifetime. The useful lifetime of --~3× 106pulses (determined by a 50% decrease in light output) was limited by deposition of tungsten on the lamp envelope.
The measured intensity distribution varied approximately with the cosine of the angle on either side of the median plane. The arc channel, while relatively fixed at the pointed anode, wandered about the axis of the cathode by as much as 2 ram. Consequently, the pulse to pulse variation of the overlap of the arc image with the atomic beam in the ionization region resulted in a fluctuation of the photoelectron yield of -~20%.
To increase the light intensity and lamp lifetime, and to improve the pulse to pulse stability, a vortex stabilized flashlamp of the type first developed by Mack 82) was designed and constructed 83) at SLAC. To form a vortex, the fill gas was admitted under pressure through tangential jets located at the cathode side of the lamp and exhausted through an axial hole in the cathode and through an annular opening around the anode rod, as shown in fig. 18 . The axial angular momentum imparted to the gas formed a radial pressure gradient which served to stabilize the location of the arc channel to _+0.1 ram. The gas flow also carried away material sputtered from the electrodes, greatly reducing the deposition rate on the lamp envelope. The anode was a 3 mm diameter solid thoriated-tungsten (98% W, 2% Th) rod with a flat face. The tungsten (2% Th) cathode rod had a 9.5 mm diameter which tapered to a flat face 5.1 mm in diameter. The anode-cathode gap was 10ram. Lamp performance was found to improve when the lamp inlet gas pressure was increased to ~5 atm, the limit of the gas compressor. The argon gas, which was recirculated at a flow rate of ~4.5 l/s STP, was extensively filtered to remove organic contaminants introduced by the gas compressor. Periodic rfionitoring of the recirculated argon indicated that the gas contained less than 5 ppm of oxygen or water vapor.
The light output in the useful spectral range of 170-230 nm had a value of ~0.5J per pulse for a lamp current pulse of 7.0 kA peak. The lamp could be operated for at least ~2×107pulses (31 h at 180 pps) with only a small decrease in the uv intensity and with a pulse to pulse variation in intensity charged to 33.6 kV. The integral of the spectrum shown in fig. 21 between 170 and 700nm, into 4rcsr, represents about 1.5% of the energy stored in the PFN. A typical light intensity pulse along with the corresponding lamp current pulse is shown in fig. 23. 
Mirrors
An ellipsoidal mirror was used as the primary focusing mirror to concentrate the uv light in the iionization region. The flashlamp was centered at 'the inner focus and the ionization region, as reflected in the 45 ° plane mirror, at the other focus. The semimajor and semiminor axes of the elipsoid were 35.5 and 27.3 cm respectively. The mirror surface was an annular segment of the ellipsoid. The mirror, shown in fig. 18 together with the vortex lamp, subtended a solid angle of 4.7 and 0.4 sr as seen from the inner and outer foci, respectively. The magnification of an image formed at the outer focus was =3.5 in the transverse dimension and ~ 10 in the longitudinal direction. Thus the image of the arc pattern shown in fig. 19 had a diameter of ~0.75cm at the outer focus of the ellipsoidal mirror.
The primary focusing mirror blank was machined from aluminum to an accuracy of -~0.02 mm of the ellipsoidal form. The surface was then plated with Kanigen (electroless nickel) which served as a substrate for optical polishing*. The final ellipsoidai form of the mirror was such that a point light source placed at the inner focus produced an "image" at the outer focus less than 1.0 mm in diameter. To achieve maximum reflectance in the uv, the mirror was aluminized and overcoated with MgF2**. The measured reflectance is shown in fig.  7 . Care was taken at all times to keep the mirror stored in a clean, dry atmosphere since MgF 2 is hygroscopic and since small amounts of organic vapors deposited on the mirror surface could adversely affect performance.
The 45 ° plane mirror, located inside the vacuum chamber, reflected the converging light cone onto a horizontal axis, achieving maximum overlap with the atomic beam in the ionization region. This mirror was a polished quartz disk 24 cm in diameter and 0.6 cm thick, the front surface of which was aluminized and overcoated with MgF 2 for maximum reflectance in the uv as in the case of the ellipsoidal mirror. The measured reflectance is shown in fig. 7 . A 1.3 cm diameter hole machined through the mirror at 45 ° allowed the atomic beam to enter the ionization region, as shown in fig. 10 . Although the mirror was maintained at a temperature of 200°C to avoid deposition of Li scattered from the atomic beam, it gradually became cloudy and degraded in performance and after serveral months of operation had to be replaced.
After its first passage, the light was reflected back into the ionization region by a 13cm diameter spherical mirror with a radius of curvature of 14cm. This second passage of light contributed 10-20% to the photoelectron yield. The spherical retro-reflector was fabricated from stainless steel and, as in the case of the ellipsoidal mirror, its optical surface was aluminized and overcoated with MgF 2. A Suprasil quartz disk placed over the reflecting surface protected the coating from scattered Li, while a 90% transparent wire mesh placed in front of the quartz disk served as the ground plane for the extraction field. A 3cm diameter hole through the center of the retro-reflector assembly allowed extraction of the photoelectrons from the ionization region, as shown in fig. 4 . * The polishing was carried out by the Electro-Optical Division of the Perkin-Elmer Corp., Norwalk, CT 06856. Scattered light due to surface roughness was specified to be no more than 196 at 632.8 nm. The percentage of uv light scattered would be expected to be greater. ** The mirror was coated by Acton Research Corp., Acton, MA 01720.
Filter
As its spectrum reveals, the SLAC vortex lamp produces intense red as well as uv light. Since exitation of Li by the resonant 2S-2P line at 670.8 nm decreases the atomic electronic polarization (see section 2.2), the red light was removed by a broadband uv interference filter* introduced into the light cone just above the flashlamp. The filter consisted of a Suprasil grade quartz disk coated with alternating layers of MgF 2 and A1 forming the interference cavity. Precise control of the uniformity and thickness of the films was required to achieve the large bandwith and high transmission shown for this filter in fig. 7. 
Optics housing
A sealed housing enclosed that part of the light path which lay outside the vacuum system. Oxygen absorption of the uv light below 185 nm was eliminated by replacing the ordinary atmosphere in the housing with dry N2 gas, resulting in a 20% increase in photoelectron yield. The controlled atmosphere also served to protect the primary mirror, interference filter and vacuum window from organic vapors which would be cracked by the uv light, forming harmful deposits on these surfaces. Ozone, which otherwie would be present in unhealthful amounts, was also eliminated by the use of an N2 atmosphere.
The lower plate of the optics housing served as the support for a motion assembly upon which the primary focusing mirror was mounted. Couplings through the housing wall allowed external positioning of the mirror with five degrees of freedom. Attached to the optics housing was a vertical lift mechanism which facilitated lamp changes. A window on the side of the housing at the level of the flashlamp arc allowed the light intensity to be monitored by a photodiode.
Vacuum window
A 28 cm diameter by 2.0 cm thick polished Suprasil disk served as vacuum window for the light. The measured transmission of the window is shown in fig. 7. 
ELECTRON EXTRACTION AND TRANSPORT
The ionization region is a cylindrical volume approximately 4 cm in length and 0.6 cm in dia-* Developed by Acton Research Corporation, Acton, MA 01720.
meter and essentially is defined as the volume within which those photoelectrons accelerated to high energy originate. The extraction efficiency for all photoelectrons originating in this volume is believed to be close to unity. This region was centered on the axis of the atomic beam at the outer focus of the ellipsoidal mirror, the center of which was ~28 cm downstream from the exit of the sextupole magnet. The boundaries of this region were established primarily by the restrictions imposed on the beam emittance and energy spread by the linac injector. An axial magnetic field of ~215 G was produced in the ionization region by a cylindrical coil (58 cm mean diameter) which was mounted coaxially with the atomic beam but with its center 24cm downstream from the ionization region. The dependence of the axial component of the magnetic field on axial position is shown in fig.  4 . The direction of the magnetic field and thus of the electron polarization could be reversed in ~<1 s by reversing the current through the cylindrical coil.
The ionization region was surrounded by axially symmetric electrodes, as shown in fig. 4 , which served to extract the photoelectrons and form them into an electron beam. The cathode biased at -70 kV, defined the mean energy of the electron beam. The repeller electrode prevented photoelectrons from leaving the ionization region in the backward direction. The repeller potential, which was -77 kV, introduced an axial electric field of --~350V/cm over the length of the ionization region. Thus maximum value of AE= 1.5 kV for the full width half maximum energy spread accepted by the linac injector (see section 1.1) placed an upper limit of ~4cm on the length of the ionization region. The axial electric field was strong enough to overcome any influence of space charge effects during extraction. The main acceleration of the beam to its 70 keV mean energy occurred in the gap between the cathode and the grounded anode, On the upstream side the repeller electrode was surrounded by a grounded shield which controlled the potential in that region and eliminated possible disturbing influences on the electron optics by the accumulation of charge on the vacuum window and the 45 ° plane mirror. This shield also prevented uv light from striking the repeller and cathode, thereby releasing unwanted background electrons. Representative trajectories of photoelectrons created in the ionization region as well as on electrode surfaces are shown in fig. 4 , together with the potential profile produced by the electrodes ~. As can be seen, background (surface) photoelectrons were spatially well separated from the atomic beam photoelectrons and were easily eliminated from the electron beam by the electron transport system further downstream from the ionization chamber.
All electrodes were fabricated from stainless steel. They were designed with rounded edges and polished consistent with standard high voltage practice. The electrodes were mounted on a machinable ceramic structure ~ which had_grooves cut into its surface to suppress possible surface discharges. The repeller and cathode potential leads from a 100 kV. 3-pin feedthrough + were insulated with glass tubing to prevent breakdown.
The electron beam transport system was designed for a source emittance matched to the acceptance of the linac injector. For an axial magnetic field of H--25 G at the center of the ionization region and for values of o' and v corresponding to 70 keV and 1 eW, respectively, eq. (5) gives a generalized emittance of e~ 10mrad cm if p is assumed to be 0.3 cm. Since the radius of the image of the lamp arc at the ionization region was about 0.37 cm (section 3.3.2), and since the halfwidth of the atomic beam profile at 20% of the maximum intensity was ==0.3cm (see fig. 16b ), p could not have been appreciably larger than 0.3 cm. On the other hand, since the transmission of the PECK3Y beam through the injector was clearly less than unity (the observed values averaged~ 2/3), and if this decrease from unity is attributed to the influence of the radial extent of the source region on the emittance, then, p could not have been much smaller than 0.3 cm. Consequently the radius of the ionization region is taken to be p = (0.30_0.15)cm. (The variations of the axial magnetic field and beam velocity in the ionization region do not significantly affect the uncertainty in p).
The beam was transported through a 5cm diameter tube a distance of about 7 m from the ionization region to the linac injector as shown in tig. 9. During transport, the beam was confined by a periodic array of thin solenoidal magnet lenses spaced at approximately 1 m intervals. The betatron phase shift per period was 90°; that is, each lens
The trajectories were calculated with the SLAC Electron Trajectory Program 85). ~ Aremcolox Grade 502-400, manufactured by Aremco Products, Inc., Briar Clift Manor, NY 10510. + Type 809C5358, manufactured by Ceramaseal, Inc., New Lebanon Center, NY 12126.
imaged from the previous lens to the following lens. The gross effects of stray magnetic fields were cancelled with large compensating coils surrounding the entire source and the first 4 m of the beam transport system. To compensate for small misalignments and residual stray magnetic fields, steering coils were placed adjacent to each lens. The final balance of the electron beam intensities for the two electron helicities was accomplished by having independent control of the first few steering coils for each of the two beam helicities. When the helicity was reversed these coils were switched to a second set of power supplies and simultaneously the axial direction of the magnetic field in the first few lenses was reversed. PEGGY was installed with its axis parallel to, but horizonally offset from, the accelerator axis by a distance of 90 cm, in order to prevent the Li atoms from entering the accelerator and to facilitate efficient radiation shielding by traversing a shielding wall at an angle. The electron beam was guided through this offset by two identical 14 ° air-core bending-magnets exicted in series and placed one betatron wavelength apart. Since the second bend was in the opposite direction to the first, the dispersion effect of the first was cancelled provided the plane of dispersion had no net rotation produced by the lenses between them. Because a solenoid rotates the beam and hence the plane of dispersion, it was necessary to arrange the lens strengths and polarities so that the net rotation was zero; that is, so that jBdz vanished between the two bends. In order to achieve this condition, the beam was transported between the two bends by three lenses, the first and third of which where operated in series with field directions opposed, while the middle lens was constructed of two identical lenses mounted together with their fields in opposition so that this middle lens assembly was irrotational by itself. Thus the offset was achromatic (independent of energy) to first order, a condition required to accommodate a 2% spread in the beam energy. (Nonzero second order terms remained because the lens focal length and hence the betatron wavelength depended on energy.)
A freon-cooled baffle was installed at the first 14 ° bend in order to trap and Li atoms which might scatter past the first bend. Two silicon wafers were located downstream from the cold trap to monitor possible Li contamination. The wafers were periodically removed during accelerator downtimes and examined for evidence of Li by Auger-spectroscopic surface-analysis techniques. An rf cavity located in the injector and excited to high rf electric fields provided a Li monitor during accelerator operations. As a safety feature, a fast valve which was located between the source and the accelerator injector as shown in fig. 9 , was interlocked to the source pressure gauges. An malfunction in the source resulting in a very rapid rise in pressure would cause the fast valve to close, preventing a pressure shock from entering the accelerator. Likewise, a slow pressure rise above a preset value would cause two slow valves to close, isolating the source from the accelerator. Detection of electric field breakdowns in the rf cavity or failure of the rf power supply would also cause the slow valves to close.
In order to optimize the settings of the lens and steering coils, beam intensity monitors were installed at several locations along the transport tube. The first monitor was a Faraday cup with a downstream endflap that could be opened or closed under vacuum. Since the endflap had to be closed during a measurement, the Faraday cup did not provide a continuous beam monitor. Noninterrupting current measurements were made with toroids placed before and after each of the two 14 ° bends. Additional beam monitors shared by the normal unpolarized SLAC gun beam were located in the injector section. Preliminary tuning of the PEGGY beam was facilitated by the use of a stainless steel mesh which could be inserted into the ionization region while the system was under vacuum. The electron beam intensity produced by photoemission from this mesh was typically two orders to magnitude larger than that of the polarized beam. Although the phase space of the two beams differed slightly, the .mesh beam provided an effective means for determining the initial settings of electron optical elements.
The first 14 ° air-core magnet was operated in a pulsed mode so that individual beam pulses could be transported selectively either to the injector or straight ahead to the Mott chamber for online polarization monitoring. The Mott transport line, equipped with its own steering and focusing coils, had a small vertical parallel offset near the entrance to the Mott chamber, as shown in the elevation of fig. 9 . The offset prevented Li from being deposited on the Mott scattering foils, kept uv light out of the Mott chamber, and permitted a 45 ° plane viewing mirror to be mounted on the atomic beam axis, so that beam components could be aligned optically with the aid of a side mounted telescope. 3.5;. MOTT SCATTERING The arrangement used in PEGGY to measure the longitudinal beam polarization at low energy is shown in fig. 24 . The primary beam was first scattered from a thin gold foil mounted on target wheel s¢. A series of collimators was then used to form the electrons scattered under 90 ° into a secondary beam. The transverse polarization, PJ, of this secondary beam is nearly equal in magnitude to the original longitudinal polarization. To measure the transverse polarization, the secondary beam was scattered from a second thin gold foil which was mounted on target wheel ~. Electrons back-scattered by 120 ° were detected with two Si surfacebarrier detectors which were placed 180 ° apart in azimuthal angle in a vertical plane oriented perpendicular to the incident horizontal beam. Several gold foils of different thicknesses were mounted on target wheel ~¢ (299, 154 and 79~g cm -2) as well as on target wheel ~ (79, 39 and 24#gcm-2). Each target foil could be brought into position by rotation under vacuum. This rotation allowed an adjustment of the scattering rate with wheel d and an extrapolation of the asymmetries to zero foilthickness with wheel ~.
The collimation of the scattered beam was such that only a small central part (~ 70) of the second foil area was illuminated, whereas the size of the collimators in front of the detectors allowed each point on the detecting surface of 8 mm diameter to view fully a central portion of ~ of the foil area. Thus a dependence of the measured asymmetries on the intensity distribution across the scattered beam, which might change with the steering and t%cusing conditions, was avoided. For determining instrumental asymmetries, the detector positions could be reversed under vacuum by a rotation of 180 ° around an axis which coincided with the center line of the secondary beam path.
Several measures had to be taken to achieve a clean spectrum of the elastic double-scattering events, since the ratio of the incident rate to the double scattered rate was about 10 ~°. Relatively large ports (10cm diameter) located downstream from the primary and secondary scattering foils, served as beam dumps for the fraction of electrons scattered in the forward direction by the foils. The stainless steel vacuum chamber had linear dimensions of about 30 cm and was lined on the inside with aluminum sheets in order to suppress the number of elastic electrons scattered from the rhamber walls. Additional aluminum sheets divided the chamber into two parts each containing a target wheel. With crinkled aluminum foil blocking all slots between the sheets, the leakage of wall-scattered electrons to the area of target wheel s~ was effectively reduced. In addition, the wall area which could be seen directly from the detectors (through the thin gold foil) was coated with carbon which served to further suppress the elastic background.
To permit measurement of backgrounds and to facilitate alignment and testing, an aluminum foil (675#gcm 2), a ZnS fluorescent screen, and an empty foil frame were mounted on target wheel ~¢, in addition to the three gold foils. Target wheel on the other hand contained an aluminum foil (675 pg cm-2), an open radioactive internal conversion source (l°9Cd), and a bare Formvar backing, as well as the three gold foils. All gold foils had a diameter of 16 mm and were produced by vacuum deposition of gold onto Formvar films (~50 pg cm -2 ) which had been stretched over frames consisting of thin aluminum rings26).
For each detector the electronics for processing the signals consisted of a charge sensitive preamplifier, a pulse shaping amplifier and a linear time gate by which signals from various noise sources outside the time structure of the Mott pulses could be eliminated. After the time gate, the signals were routed either through a single channel analyzer to a dual counter or to a pulse height analyzer. Gating allowed the detector signals to be recorded separately for each direction of the beam polarization. The counters served as an approximate but direct indication of the polarization. The pulse height spectrum was transferred to the data processing area where it was logged on magnetic tape for more precise polarization analysis.
Since PEGGY was operated at a constant pulse rate of 120 or 180 pps, Mott data were taken with the electron beam pulses which were not selected for acceleration to high energy. The steering and focusing elements used to transport the beam to the Mort scattering chamber were adjusted so that the beam was centered on the primary Au foil with similar shapes for both directions of the beam polarization.
A representative double-scattering electron spectrum is shown in fig. 25 . The counts within the elastic peaks were first corrected for counts of inelastically scattered electrons. For the extrapolation of the inelastic background into the region of the elastic peak an exponential energy dependence was used. Typically, several percent of the counts (ll)
The extrapolation of an asymmetry to its value at zero foil thickness, AM(0), is made according to (12) where t is the foil thickness and ~ the extrapolation constant. This constant was experimentally found to be ~z=0.0044cm2/~g, which is in agreement with values in the literature for this scattering energy86.87). 
For 70 keV incident energy, the tabulated functions G and 17:,88)give (1 -G/I)= 0.89. The small fraction of plural and multiple scattering events within the foil can be shown 88,9t) to give a negligible correction to eq. (14).
ELECTRONIC INSTRUMENTATION
For high energy scattering experiments employing PEGGY, the helicity of the electron beam was reversed every 3 min under the control of the online computer at the high energy data processing area which was connected by a CAMAC serial link (twisted pair) to the PEGGY area. Furthermore, the relevant PEGGY operating parameters were monitored with the on-line computer by creating histograms from PEGGY information supplied over the CAMAC serial link by an analog multiplexer. Remote actuation of the PEGGY flashlamp, the 70 keV power supply, and the Li oven heaters was also possible via CAMAC. To facilitate the control of the PEGGY beam through the linac, a 10-channel, remotely selectable video link with a bandwidth of -~ 5 MHz provided a visual display of the source electron-beam pulse shape to the linac control center as well as to the data processing area.
Results and discussion
Since its installation at SLAC in 1974, PEGGY has amassed more than 3000 h in operating time. Modification of components, particularly the use of the larger bore sextupole magnet and the vortex stabilized flashlamp, and improvements in operating technique have led to an increase in the figure of merit, P~le ~ , by a factor of 4, and to substantially better long-term reliability of operation. The present operating characteristics of PEGGY are summarized in table 3.
INTENSITY
In its present configuration, with the uv filter in place, PEGGY is capable of producing an electron beam intensity averaged over a period of 2-3 h of 2.6×109electrons/pulse at 70keV, as shown in table 3. The intensity is subject to long term drifts resulting from gradual changes in both the atomic beam and flashlamp characteristics. Concommitant with the slight reduction in uv light intensity after 2 x 107 pulses of lamp operation, there is a gradual increase in the pulse to pulse intensity jitter which becomes excessive when the tip of the llashlamp anode is worn away to the level of the anode flow separator (see fig. 19 ). When the pulse to pulse jitter exceeded 5%, the flashlamp was replaced. During the latest 1000h of PEGGY operation, with the uv filter in place, the electron beam intensity at 70keV averaged 2×109electrons/pulse92). Approximately 40% of this intensity was transported through the accelerator and was available for experiments at GeV energies. During running, the high-energy intensity was not allowed to exceed a maximum change of 5% when the polarity of the beam was reversed at the source. Fine tuning of the electron optics generally reduced this intensity difference upon reversal to ~2%.
POLARIZATION
The value of Pe,~tom calculated from eq. (6) is 0.92_+0.04. When the depolarizing effects discussed in section 2.2 are included, the predicted value* of the photoelectron polarization, Pc, is 0.89_+0.04.
As has been discussed in sections 2.3 and 3.5, the polarization of the PEGGY beam was measured independently at the source energy of 70 keV by Mott scattering and at GeV energies by Moiler scattering23). With the uv filter in place, the Moiler measurement provided a value of P~= 0.85_+0.07 3,68), consistent with the predicted value of Pe and with the prediction that virtually no depolarization of the longitudinally polarized electron beam should result from the acceleration process. (See appendix.) Mort scattering measurements provided a value of Pe=0.82_+0.08 after corrections for spin rotation in the primary foil and multiple and plural scattering effects in the secondary foil, as described in section 3. 
AVAILABILITY
Central to the success of any experiment employing the PEGGY beam is the percentage of the time the source is available at full intensity. With the use of the larger (750 g capacity) oven, described in section 3.2, the lifetime of an oven load was approximately 175 h. During the last three months of operation, the oven reloading time averaged about 43 h 92). Thus, with a lamp lifetime of ~31 h and with ½ h required for a lamp change, and with other downtimes, PEGGY's overall availability during the latest three months of operation exceeded 75%.
FUTURE DEVELOPMENTS AND APPLICATIONS
The operating characteristics described above indicate that PEGGY is eminently suited to experiments which require intensities of ~ 109 electrons/ pulse and high polarization. A GaAs photoemission source with a high intensity of 10u-10 j2 electrons/ pulse has been developed at SLAC for PNC experimentslg). Despite its many appealing characteristics, the usefulness of the GaAs source in certain low intensity applications is limited because the electron beam polarization is 0.3-0.4.
Because of its high polarization, PEGGY is scheduled to be used in additional high energy experiments at SLAC with a polarized proton and deuteron target. Recent improvements have been made in the source which are expected to increase the intensity and the overall availability of PEGGY without degrading the high polarization. The uv interference filter has been removed and the 45 ° aluminized mirror has been replaced with a new multilayer dielectric mirror* which reflects selectively in the uv. The optical system is being further modified with the installation of a higher pressure Ar compressor for the vortex stabilized flashlamp. The atomic beam line has also been altered with the incorporation of active cooling for the first collimator to permit either the operation of the oven at higher temperatures and/or the use of a larger oven ~A slightly lower value, 0.847+0.050, was given for the predicted value of Pe in ref. 68 A more extensive development of PEGGY to increase its electron intensity by an order of magnitude and to provide rapid pulse to pulse polarization reversal without affecting the emittance of the electron beam has been considered68). A two-step photoionization process through the 2P state using a tuned laser for the 2S-2P transition and the PEGGY flashlamp for the 2P-continuum transition could increase the intensity substantially. Polarization reversal might be obtained either by optical pumping of the Li atomic beam with the laser or by the inducing of radiofrequency transitions between hfs levels in the ground 2S state with only a small consequent reduction in polarization.
A.1. INTRODUCTION
The 70 keV electron beam emerging from the polarized electron gun is highly longitudinally polarized. We will consider here the possible depolarization of this beam as it is accelerated to high energies in the SLAC accelerator. For our application we define the depolarization as the decrease in the component of the electron polarization or spin along the beam direction. Our principal result is an upper bound on the depolarization calculated in terms of known beam parameters as far as is possible.
A.2. POLARIZATION EQUATIONS OF MOTION
For an electron at rest we define the polarization or spin vector S to be the expectation value of the spin operator. The equation of spin motion At,A2)
is:
dS/dt = PogS × B.
(rest frame) (A.1) in which/~0 = electron Bohr magneton, g = electron gyromagnetic ratio = 2(I+a) where a = electron anomalous g-value, and B = magnetic field in electron rest frame.
In the laboratory frame of reference where the electron velocity is v, the orbital and spin equations of motion are: dp/dt = e[E+(v x g)/c], in which S is the spin vector in the electron rest frame, and all other quantities refer to the laboratory frame. We note from eq. (A.3) that an electric field along the direction of motion will not change the polarization vector and also that under the influence of general external electric and magnetic fields the polarization vector can change in direction but not in magnitude. However, if the electron beam has a finite extent, different particles will have different orbits in different fields and hence the polarization vector averaged over the whole beam can change in both magnitude and direction. We shall be interested in only the longitudinal polarization which can be described by the angle between the polarization and momentum vectors. This follows from the linearity of the motion and the assumption that the radial electric field varies linearly with radial coordinate r. The approximate expression for ac E is given by sin c~E = Er _ re) sin q5 . (A. 12) E 2u
where u is the phase velocity in the microwave cavities, co is the angular frequency of the accelerating field and ¢ is the particle phase (zero phase corresponds to maximum acceleration). For the SLAC accelerator we have co/c = 0.6 cm 1. The acceleration process can be considered in two parts. The first involves the low energy unbunched motion occurring in the prebuncher, buncher and approximately the first 10cm of the accelerator section of the injector. The second part involves the high energy bunched motion in the remainder of the injector and in the main accelerator. We consider the high energy part first. Here ), increases from about 3.5 to its final ultrarelativistic value. The relevant energy dependent factor is •(3.5, ~)=0.294. For the maximum transverse momentum we may take pr<~O.3mc (0.15 MeV/c). The minimum momentum in this region is p = mc/37 = 3.35 inc. Therefore % = Pr/P = 0.090. To obtain ace we use the facts that the phase velocity is the speed of light, the beam radius is less than 0.5cm, the phase ~ is less than 5 ° , and co/ c=0.6cm -~. This gives 0~E=0.013, and thus from eq. (A.11) ac=0.091. Hence from eq. (A.9) the contribution to [ziJ from the high energy portion is only 0.027, which corresponds to a depolarization of D = 3.6× 10 -4.
In the low energy region the energy dependent factor is I(1.16, 3.5)= 1.00. The transverse momentum in this region is limited to p~<~O.O5mc (0.026 MeV/c) so that aco = 0.086. Because the beam is unbunched we cannot set a small bound on sin 0 and we set it equal to unity. Using the buncher value of the phase velocity u = 0.75c and a beam radius of 0.5 cm we obtain ace = 0. 20 Calculations of the depolarization have also been made in terms of the estimated electromagnetic fields seen by the electronA4). This approach leads to smaller values for the depolarization because it takes into account more of the correlations between the orbit motion and the fields. The approximations made, however, are such that the bound obtained by this calculation is not reliable.
A.4. DISCUSSION
We have estimated for the SLAC accelerator an upper bound to the change d in the angle between the polarization and momentum vectors based on known beam parameters and including extreme electron trajectories. Averaged over the whole beam the corresponding average depolarization in acceleration from 70keV to 20GeV will be less than 3×10 2.
The angle A has been written as the sum of two parts, Aa and Ag. The calculation of the purely anomalous part A a does not require knowledge of the fields seen by the particle but only of the maximum transverse momentum in the beam and of the initial and final energies. This term is small because a is small and the electrons are injected at a relativistic velocity of /3=0.5. The term zig is proportional to g and the component of the electric field normal to the momentum. This term corresponds to the nonrelativistic effect in which the electric field changes the direction of the momentum but not of the spin. [The gyromagnetic ratio g enters only because part of this effect is contained in zia. See eq. (A.5).] Only the low energy region in which the bunching process takes place is important for this term. Because of the energy dependence of this term the bound obtained on the depolarization is small even though the beam transverse emittance grows downstream of the injector.
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